*Q t ' 
o *r 

Copy 

RM E50D10 



NACA 






a 


£ 


UJ 

tr 

fcr 1 



J] 







RESEARCH MEMORANDUM 


AERODYNAMIC CHARACTERISTICS OF NACA RM-10 MISSILE IN 8- BY 
8 -FOOT SUPERSONIC WIND TUNNEL AT MACH. NUMBERS 

FROM 1.49 TO 1.98 

I - PRESENTATION AND ANALYSIS OF PRESSURE MEASUREMENTS 

(STABILIZING FINS REMOVED) 

By Roger W. Luidens and Paul C. Simon 

Lewis Flight Propulsion Laboratory 
Cleveland, Ohio 


ft! 



TV* douiM* ontaiso ataaatflad 
aflHt&c tft» Mnl Mhm a t 
Wtitm wtttia tt» mvnxfci of Uw Aat, 
OK RhU niSL Hi bM»:i or tfca 
rtnliQa of its OQEtaqtodflP ^ bum to ao 
■rihnrM tr lav. 

oalj Id poroo^Psttw 01080*7 ud aal 


« f-H 


■K and BnijLy vo 0 £ too TQdBcml 
mrwtc tatvo a Mttrtgaio li rttiO 
Ed Id Usftod 8W00 olUBoao at kavoo 
i (Baeratiai who of oaoaoottr matt ba 


NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 


WASHINGTON 

July 20, I960 


J 


TECH LIBRARY KAFB, NM 


MCA EM E5GD10 


TECH LIBRARY KAPB, NM 



OlMHLn 


MTIOHAL AUVISORY COMMITTEE FOR AIEOMUTICS 
RESEARCH MEMORANDUM 

AERODYNAMIC CHARACTERISTICS OF MCA EM-10 MISSILE IN 8- BY 6-FOOT 
SUPERSONIC WIND TUNNEL AT MACE NUMBERS ISOM 1.49 TO 1.98 
I - PRESENTATION AND ANALYSIS OF PRESSURE MEASUREMENTS 
(STABILIZING FINS REMOVED) 

By Soger V. Luidens and Paul C. Simon 


SUMMARY 

An experimental investigation of the pressure distribution on 
a slender pointed body of revolution was conducted In the MCA 
Levis 8- by 6-foot supersonic wind tunnel at free-stream Maoh numbers 
of 1.49j 1.59, 1.78, and 1.98, and at a Reynolds number based on 
model length of approximately 30,000,000 over a range of angles of 
attach. The body was a half -scale model of the fuselage of the MCA 
supersonic flight research missile designated RM-10 (with the sta- 
bilizing fins removed). The pressure distribution over the entire 
length of the body at zero angle of attach agreed veil with that 
predicted by linearized theory. At angle of attach, the experimental 
pressure distributions shoved close agreement with an Improved 
linearized theory at all points on the model surface except over 
the aft leeward portion of the body, where the pressure distribution 
was appreciably modified as a result of viscosity effects. A sur- 
vey of the stream total pressure in the plane of the model base Indi- 
cates that at angle of attach the boundary-layer air farmed a pair 
of lobes located on the leeward side of the body, which left a very 
thin boundary layer on the windward side. At zero angle of attach, 
the boundary-layer profile end thickness agreed very well with the 
values calculated for subsonic turbulent flow for a flat plate. 

Base -pressure measurements are also presented. 


INTRODUCTION 

Several methods are available for theoretically estimating the 
pressure distribution, and forces and moments on a slender pointed 
body of revolution. Experimental evaluations of these methods, how- 
ever, have been limited primarily to the study of projectiles, usually 
at low Reynolds numbers. An investigation has therefore been conducted 
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In .the MCA Levis 8- "by 6-foot supersonic wind tunnel to determine 
the aerodynamic load distributions on the MCA supersonic research 
missile. EM-10. The pressure distribution over the body has been 
determined by experimental means and a comparison has been made 
with the predicted distribution calculated by an improved linearized 
theory. Where deviations of the experimental results from the theory 
are observed, a rational explanation is given on the basis of shed 
vorticity and viscosity effects. In order to further evaluate these 
effects, a survey of the pitot pressures in the plane of the model 
base has been made. 

The investigation was conducted at free -stream Maoh numbers of 
1.49, 1.59, 1.78, and 1.98 for a range of angles of attack from 0° 
to 9 , and at a Beynolds number of approximately 30,000,000. 


SYMBOLS 

The following symbols are used in this report* 
a local velocity of sound 

Cp pressure coefficient, (p~Pq)/<1q 

c constant 

Z length of model 

M Mach number 

P total pressure 

p statio pressure 

1 fcpM 2 

Re Reynolds number, pUZ/u 

Uq free -stream velocity 

local stream velocity outside boundary layer 

u velocity In boundary layer 

v r radial velocity component (cylindrical coordinates) 
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v z e/rlal velocity component 

Tg tangential velocity component (cylindrical coordinates) 

x,b coordinates of model 

x,r,0 cylindrical coordinates (S =*-0 in pla ne of a ngle of attack 
and to windward) 


y distance perpendicular to and with origin at model surface 

a angle of attack 

6 cotangent of Mach angle , 

7 ratio of specific heats, 1.40 

8 'boundary-layer thickness 

H viscosity 

p density 

qp velocity potential 

Subscripts : 
h base of model 

h sting 

m measured behind normal shock at local Btream Mach number 

0 free-stream c o nditions 

1 c ond itions for model at zero angle of attack 

2 conditions for model due to angle of attack 


APPARATUS AMD PROCEDURE 

investigation was ocnduoted in the NACA Lewis 8- by 6-foot 
supersonic wind tunnel. This nonreturn-type tunnel is powered by 
three 29,000-horsepower electrical motors that drive a 7 -stage a x ial - 
flow compressor located upstream of the test section. Air is 
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filtered and dried before entering the compressor. The supersonic 
nozzle is formed by two adjustable steel-plate walls that are actu- 
ated by a series of hydraulic Jac&s to give a nominal Mach number 
range of 1.4 to 2.0. The Reynolds numbers corresponding to the 
test Mach numbers are shown in the following table: 


Eree- 

stream 

Mach 

number, 

Mq 

Reynolds 

number. 

Re 

(based on 
model length) 

1.49 

28,000,000 

1.59 

29,000,000 

1.78 

31,000,000 

1.98 

28,000,000 


Condensation -free flow was maintained during each run. 

The model (fig. 1) consisted of the half-scale BM-10 fuselage 
(stabilizing fins removed), which is a body of revolution with a 
parabolio profile defined by the equation 

* - Vr* ( 2 ' i) 

0<; x -£73.25 (1) 


where 


c 


2 



A machined straight taper existed between stations 66 71.5. 

(Station numbers represent distance from station 0 In inches.) 

The body was spun fret* aluminum sheet and the nose was blunted by 
removing 1/4 i nch from the tip. The model has an over-all length 
of 73 inches, a maximum diameter of 6 inches, and a fineness ratio 
of 12.2. 

The deviation of the model from the parabolic contour is shown 
in figure 2(a). Relatively large deviations occur in the vicinity 
of station 20. This discrepancy is also apparent in the curvature 
(fig. 2(b)), which was measured by a gage with a spacing of 1.5 Inches 
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"between Its three contact points. (A joint existed at station. 24.2 
and a small eccentricity resulting In an asymmetrical discontinuity 
In the model contour was observed at this juncture after most of 
the runs.) Because of model Irregularities, seme scatter in the 
experimental pressure -distribution data is to be expected. 

The static -pres sure orifices on the model surface were arranged 
In two diametrically opposite rows and were located at the longi- 
tudinal stations given In figure 1. At station 73j, base-pressure 

tubes were located at ±45° to each of idle rows of surface Btatios 
and at a radius of 1.62 Inches. Two boundary -layer rakes extending 
2 

1^ inches Into the stream were located in- the plane of the surface 

static -pressure orifices. The model could be rotated about its long! 
tudinal axis by an internal mechanism with a travel in excess of 90 , 
so that assuming flow symmetry, the pressures at any rotational posi- 
tion on the model could be obtained. During the investigation, pres- 
sures were recorded at rotational positions of the model of 9 « 0°, 
10°, 30°, 50°, 70°, 90°, 110°, 130®, 150°, 170°, and 180°. 

The model was supported from its base by a sting extending 
upstream from the tunnel vertical strut (fig. 3). The sting was 
designed by the criteria of reference 1 far attaining minimum Inter- 
ference with the model base pressure at zero angle of attack. Angle 
of attack was obtained by movement of the tunnel vertical strut. The 
center of rotation of the system was located forward of the ma-rlmnm 
section of the model. 


Actual angles of attack. were determined by an electrical oil- 
damped pendulum-type indicator located In the forward section of the 
model. The actual angles of attack are compared with the nominal 
angle of attack for each Mach number Investigated in the following 
table: 


Angle of attack, deg 

Nominal 

Actual 


Mach number, M $ 


1.59 

1.49, 1.78, 
1.98 

0 

0 

0 

2 

1.9 

1.8 

4 

4.2 

4.0 

6 

5.9 

5.8 

9 

6.9 

8.6 
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The theoretical curve b were calculated for the actual, angle of attack 
In each case* Static pressures on the model and the sting, as well as 
the pitot pressures of the ‘boundary-layer survey rake, were obtained 
on manometer hoards using tetrabrcmoethylene and mercury, respec- 
tively, as fluids. All pressures were photographically recorded. 


SEDUCTION 07 DATA 

In the calculation of the pressure coefficient, the free -stream, 
static pressure was determined as the average pressure measured by 
several tunnel -wall static orifices located opposite the nose of the 
model. The free -stream. Mach number was determined from the ratio of 
the free -stream static pressure in the test section and the average 
of total pressures measured in the subsonic flow upstream of the 
tunnel throat. This Mach number oheoked well with the Mach number 
determined by tunnel calibration. The ratio of specific heats 7 
was taken as 1.40. 

The increments of pressure coefficient due to angle of attack 
were determined by subtracting the measured value at zero angle of 
attack from measured values at angle of attack. 

In order to determine boundary-layer velocity profiles, the 
Rankine -Hugonlot equations were used to evaluate the rake data by 
assuming that the static pressure In the flow field is constant 
along radial lines and equal to the value measured at the model sur- 
face, and that the total temperature In the flow field Is constant. 


THEORY 

Pressure distributions . - The linearized theory was used to • 
estimate the velocity field around the body. Telocity components 
associated with thickness and angle of attack were Independently 
calculated and superimposed on the free -stream velocity components. 
The pressure distribution was then evaluated from the resultant 
velocity field. 

Perturbation velocity components on the. body surface at zero 
angle of attack may be evaluated by the methods of references 2 
or 3. 



NACA. BM E5GD10 


«•' iTTT^ 


7 


acp, 'n 

(See equation (12) 

dx 


Sr 



} ( 2 ) 


1 ^ 

£ — ± « o 

r de 


J 


In termB of axes fixed with respect to the "body, the velocity 
components associated with angle of attack are from, reference 4: 
(The approximations sin a = a and cos a = 1 have been made in 
the equations for the perturbation velocities.) 


^2 _ . db 

-2U-.CX, cos 0 — 

ax 0 dx 




U„a cos 9 

Sr 0 




(3) 


acp_ 

= U«a sin 0 

rSe 0 


J 


The free -stream velocity components in terms of coordinates 
fixed in the body are 



Uq cos a 




ar 


-Uga cos 0 


rde 


U 0 a sin 0 


> 


J 


(4) 


meesmss^ 
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(The approxlma ti cai coa a ■ 1 is not permissible in the first 
equation of equation (4) "because U 0 oos a is of lover order than 

a perturbation velocity. Such an approximation would lead to an 
error in dq^/dx of the order of magnitude of a perturbation 
velocity.) 


Addition of the respective velocity cc 
tlons (2), (3), and (4) gives for the body 


surxaoe 


v x « Uq cos a + 2U(jtt cos 0 ^ 

dx 


- oTI db 
** u 0 dx 


(5) 


Yq m EU 0 a sin 0 


From an expansion of the exact expression for the pressure 
coefficient, an approximate expression results: 


°P 



(T x 2 +V r 2 +V 0 2 ) 


( 6 ) 


Substitution of equation (5) into equation (6) and dropping «n 
terms of higher order than a 2 [or a and so fortl^ gives 

C P " ” % ST " (ll) + 40 eos 0 g + a 2 (l-4 sin 2 0) (7) 

The pressure coefficients associated with thickness and angle of 
attack are additive and are separately given as 


°P,1- 


JL -f—'f 

Uq dx \dx/ 


( 8 ) 


Cp^2 “ 4(1 008 6 ^~ + a 2 (l-4 sin 2 0) 


(9) 
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An alternate and Independent derivation of this result is presented 
In reference 5. Equations (8) and (9) have teen frequently approx- 
imated, respectively, ty 



_2_*i 

U 0 dx 


( 10 ) 


C pj2 = 4a cos 0 g (11) 

Fear the particular tody discussed herein, defined ty eq.ua- 
, tion (1), the method of reference 2 gives 



Also 

(i3) 

Sutstitutlon of equations (12) and (13) into equations (7), (8), 
and (9) gives the theoretical pressure distribution of the EM-10. 

Boundary layer . - For a simple correlation of the measured 
bou n da r y layer with theory, several curves are presented from refer- 
ence 6, which derives from the data for turbulent subsonic flow 
through pipes the relation 

far the nondlmensional velocity ratio profile in terms of the non- 
dimensional distance ratio from the friction surface. The equation 
for the boundary-layer thickness on a flat plate corresponding to 
the velocity profile of equation (14) is 
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(15) 


Equation (15) Is applied to evaluate the theoretical boundary-layer 
growth, on the EM-10. 


RESULTS AND DISCUSSION 

i 

The experimental results consist of pressure distributions on 
the body surface. Including base-pressure measurements, and a 
boundary-layer (pitot pressure) survey in the plane of the model 
base. These results are discussed for zero angle of attack and for 
angle of attack. 


Zero Angle of Attack 

Pressure distribution . - The experimental variation of the pres- 
sure coefficient vith longitudinal position an the body at zero angle 
of attack is presented in figure A for all Mach numbers Investigated. 
Compared vith the experimental data are the theoretical curves com- 
puted from the linearized theory (equations (8) and (10) ) for the 
parabolic contour of equation (1). To acoount far the machined , 

straight taper from stations 66 to 71^ , the step-by-step inte- 
gration method of reference 3 was also used to calculate the theoreti- 
cal pressures of figure 4(c). 

The trends for the theoretical and experimental curves were sim- 
ilar and the agreement was best with the refined calculation of equa- 
tion (8). The pressure coefficients were high near the nose of the 
model, then decreased rapidly to negative values near and downstream 
of the body maximum, section. Much of the data -point scatter may be 
explained on the basis of local model variations from the assumed 
contour. The effect of changes in model contour is illustrated by 
the Jog in the theoretical pressure -distribution curve (fig. 4(c);, 
which includes the effect of the machined straight taper. The data 
at Mach number of 1.49 show evidence of a pressure gradient in the 
free -stream flow for this particular run. 

Base pressures . - Ease and sting pressures are included in 
figure 4. The pressure on the sting 1/4 -inch downstream of the base 
was the same as the base pressure, both being below free -stream statio 
pressure. At 3 inches downstream of the model base, the sting pres- 
sure recovered to a value above free-stream static pressure. 
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The variation of base -pressure coefficients for zero angle of 
attack for the Mach numbers Investigated Is shorn In. figure 5. The 
"boundary -layer rakes were removed for this measurement to avoid Inter- 
ference effects* Included far comparative purposes are data from, 
references 1, 7 , and 8 . The data from reference 1 show the effect of 
t oattailing and of laminar and turbulent boundary layers at Mach num- 
ber 1.5. The result from this investigation shows only a tendency to 
agree with the base-pressure coefficient for idle body with boattailing 
and with turbulent boundary layer, the condition most similar to con- 
ditions of this investigation. The variation of base pressure with 
Ma.ch number was small, a trend that compares fairly well with the data 
of references 7 and 8. 

Boundary layer . - The pitot pressures In the plane of the model 
base are reduced as boiaidary -layer data and are presented in figure 6 
in terms of nondlmenslonal velocity and distance ratio. Also Included 
is the theoretical l/7 -power -law profile of equation (14). The cor- 
relation of the data with the l/7 -power profile shows that idle bound- 
ary layer is turbulent. The velocity -ratio profile is Independent of 
Mach number In the range of the Investigation. Included with the 
plot Is a table giving the sonic value of the nondlmenslonal Telocity. 
The sonic point Is within l/8 of tile boundary-layer thickness from 
the model surface. 

A comparison -of the observed boundary-layer thickness with the 
thickness predicted by equation (15) for subsonic turbulent boundary 
layer on a flat plate Is presented In figure 7. The boundary-layer 
thickness Is fairly well predicted over the range of Mich numbers. 
Boundary -layer data were influenced by pressure gradients, three- 
dimensional effects, and density variations, and therefore only qual- 
itative agreement should be expected with the formulations for the 
subsonic turbulent boundary layer on a flat plate. 


Angle of Attack 

Pressure distribution . - The longitudinal pressure distributions 
along the top, bottom, and sides of the model for angles of attack 
of 4° and 9° and far the Mach numbers Investigated are presented in 
figure 8. The Incremental changes In pressure coefficient with angle 
of attack determined from figures 4 and 8 are plotted In figure 9. 
According to equation (9), these incremental changes are Independent 
of Mach number. 
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In accordance with the theory for a parabolic contour,, the 
experimental variation of the pressure coefficient due to angle of 
attack on the windward side of the model (fig. 9(a)) with the lon- 
gitudinal distance was approximately linear. Increases In angle of 
attack were accompanied by Increases In the pressure near the nose 
and Increases in the rate of pressure drop with longitudinal posi- 
tion. These data, in general, substantiate the theory for pre- 
dicting the pressure due to angle of attack both as to independence 
of Mach number and magnitude of the pressure over the entire length 
of the model. The experimental values, however, tend to fall slightly 
above the theoretical curves . 

On the leeward side of the model (fig. 9(b)), the observed 
effect of angle of attack was to decrease the pressures on the for- 
ward portion of the model in the manner predicted by theory. Angle 
of attack had little effect on the pressures over the downstream 
portion of the body (implying flow separation), although the' theory 
indicates that a considerable increase In pressure should exist. 
Despite the deviations of the data from Idle theory In magnitude, an 
independence of Mach number remained evident over most of the model 
length. 

The Increment of pressure due to angle, of attack an the side of 
the model (fig. 9(c)) is predicted by theory to be independent of the 
body profile or station as well as Independent of Mach number, and 
the effect of angle of attack is to decrease the pressure an the side 
of the model proportional to the square of the angle of attack. The 
experimental data show good agreement with the theory over most of 
the model length. At the rear of the model the experimentally deter- 
mined increment of pressure coefficient tends to zero; however, an 
Independence of Mach number remains evident. A similar effect was 
observed on the leeward side of the model. 

The experimentally observed pressure distributions as a function 
of the angular coordinate around the body are presented in figures 10 
to 13 for several representative stations and for the Mach numbers and 
angles of attack investigated. From these data the Incremental pres- 
sure coefficients due to angle of attack were obtained and plotted in 
figure 14. Over the forward portion of the model (figs. 14(a) to 
14(c)), the pressures at the bottom and top of the model Increased and 
decreased, respectively, and there was a marked reduction in pressure 
at the side of the model. The agreement with the theory (equation (9)) 
is good both as to the independence of Mach number and the predicted 
value of the pressure coefficient. (The pressure due to angle of 
attack predicted by equation (11 ) illustrated in figure 14(a) deviates 
considerably from the experimental pressure distribution around the 
model. ) 
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Over the rear portion of the model (figs. 14(d) to 14(f)), the 
experimental pressure distribution curves continue to show a reduction 
in pressure near the sides of the model. The pressures on the wind- 
ward side of the model agreed well with those predicted by theory; 
whereas on the leeward side of the model, deviations between exper- 
imental and theoretical pressures progressively increased in magnitude 
and extent as the station increased. 

Deviations of the incremental pressure from the values predicted 
by theory to values approximately eq_ual to zero, such as occurred over 
tiie aft leeward portion of the model, might be interpreted as an indi- 
cation of flow separation; flow separation in the conventional sense 
did not occur, however, as shown by the pitot-pressure measurements 
at the model base. 

Pitot-pressure contours . - Contours of the ratio of static pres- 
sure to free -stream total pressure p/Pq at station 70 and of the 

ratio of pitot pressure to free -stream total pressure P m /PQ in the 
plane of the base of the model are shown in figures 15 and 16. (At 
the large angles of attack, the measured pitot pressures may be some- 
what in error because of angularity between the stream direction and 
axes of the pitot tubes.). 

At zero anglg of attack (fig* 15(a)), the contours of pitot pres- 
sure and static pressure on the model surface are symmetrical around 
the body, as would be expected. At an angle of attack of 2° 

(fig. 15(b)) the contours in general became crowded on the windward 
side of the model and separated on the leeward side. At the same time 
the static pressure on the model surface varied in the direction pre- 
dicted in the theory, becoming less than the pressure at zero angle 
of attack on the windward side of the model (6 - 0°) and greater 
on the leeward side. 

At increased angles of attack of 4° and 6° (figs. 15(c) and 
15(d)), the contours continued to approach the model surface on the 
windward side of the model, while on the leeward side of the model 
the pitot contours formed a lobe in the vicinity of 6 • 150°. (The 
individuality in the movement of the P m /P 0 ■ 0.8 contour on the 
windward side of the model with angle <?f attack is associated with 
the potential flow field about the body.) The variation in static 
pressure on the windward side of the model followed expected behavior 
by further decreasing in value from (p/Pg)iJ however, on the leeward 

side of the model a trend reverse of that predicted by theory and 
counter to that observed at an angle of attack of 2° occurred, in that 
the static pressure decreased with an increase in angle of attack 
from 2° to 6°. At 9° angle of attack (fig. 15(e)), the static pressure 
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on the windward side of the model generally followed the previously 
indicated trends. On the leeward side of the model the trends 
observed at angles of attach of 4° and .6° are accentuated; the lobe 
increases in size and the static pressure on Idle model surface con- 
tinues to decrease* The pitot contours for Mach numbers of 1.49, 

1*59, and 1*98 are similar in character to those presented for Mach 
number 1.78* The pitot contours at an angle of attach of 6° for the 
remaining Mach numbers in figure 16 are representative* 

With certain assumptions, the boundary- layer distribution about 
the model base at angle of attach may be calculated* The measured 
pitot pressure results from either one or a combination of (1) the 
effect of viscous losses and (2) the effect of shoch losses. The 
shock losses are affected by the local Mach number, which will deviate 
from that predicted by potential flow theory due to the presence of 
viscous losses and vorticity effects* Insufficient test information 
is available to make possible Idle experimental separation of the 
aforementioned effects. The assumption that the static pressure in 
the flow field is constant along radial lines at the value measured at 
the model surface, however, permits reduction of the data as boundary- 
layer velocity ratios which are of interest. Because the validity of 
the assumption becomes more doubtful as the angle of attack increases, 
especially in the regions where vorticity may be expected to exist, 
only the pitot-pressure distribution at angles of attack of 0° and 4° 
and. Maoh number 1.78 (represented in figs. 15(a) and 15(c)) are pre- 
sented in figure 17 as contours of u/U^. As a result of the angle of 
attack, a pronounced thickening of the boundary layer in the vicinity 
of 6. 150° and a thinning of the boundary layer on the windward 
side of the model are evident on this plot. In general, it Is believed 
that the pitot contours can be interpreted to give a fair qualitative 
picture of the boundary-layer distribution about the base of the model 
for the angles of attack investigated. 

The sohlleren photographs (fig. 18) of the forward part of the 
model for a » 6° and M - 1.78 indicate a greater thickness of 
boundary layer on the leeward aide of the model. Consequently, it* may 
be assumed that the boundary layer thickens on the leeward side of 
the model for all stations along the model. 

As indicated by the pitot contours, the pitot tube nearest the 
model surface (y - l/l6 inch) recorded a pressure greater than the 
local surface static pressure for all circumferential positions around 
the model. Consequently, it can. be concluded that flow separation 
has not occurred, in the sense that both the velocity and velocity 
gradient have not become zero within l/l6 inch of the model surface. 

The shape of the pitot contours, however, indicates that the mech- 
anisms at work within the flew warrant further discussion. 
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Flov mechanism . - As an aid to understanding the significance 
of the data presented, a discussion is given of the flew mechanism 
that may he deduced from, the data of this Investigation. In order 
to follow the aft leeward portion of the body, the flow must traverse 
Increasingly adverse .pressure gradients as it proceeds downstream* 

(See theoretical curves Cp^ and Cp # 2 * figs* 4 and 14.) The 

influence of viscosity also Increases as the flow proceeds down- 
stream. As a consequence of these two factors, a "separation of 
the cross flow 1 ' occurs that mitigates the pressure gradient the 
flow is required to traverse. (That is, although the static pres- 
sures are characteristic of separation, the axial component of the 
flow has not separated as has been shown by the pitot pressures. 

The point of cross -flow separation is characterized by the cross- 
flow velocity and velocity gradient becoming zero at the body sur- 
face.) The lowering of the static pressures to values less than 
theoretical over Idle top side of the model contributes an addi- 
tional lift to the model; consequently, a simultaneous formation 
of vortlclty must also have occurred. The existence of the var- 
ticity may also be implied from Idle pair of lobes (rather than a 
single hump) formed on the pitot contours. (Reference 9 makes use 
of the concept of the separation of the cross flow around a slender 
body of revolution inclined to a stream to calculate lift, drag, 
and moment. The mechanisms of the flow for the present supersonic 
case are similar to the subsonic case of an elongated body of rev- 
olution at angle of attack (reference 10).) 

Further evidences of the hypothesis of the cross-flow sep- 
aration due to viscous effects and the simultaneous formation of 
vorticity may be deduced from the qualtitative similarity both in 
extent and shape of the total-pressure -ratio profiles at angle of 
attack with photographs of the two -dimensional subsonic flow about 
a cylinder showing the vortices in the wake of the cylinder. (For 
example, the photographs of reference 11.) In the subsonic case 
this phenomenon is known to be a result of viscosity and is associated 
with vorticity* Recent experimental and theoretical investigations 
at the BACA Aloes laboratory have shown that the cross flow around an 
inclined body of revolution in a Buper sonic stream is qualitatively 
similar to the flow normal to a circular cylinder which has been 
set in motion from rest end has traveled insufficient time far the 
development of steady state flow. Flow-visualization studies have 
also established that the flow field about a body at moderate angle 
of attack contains two symmetrically disposed vortices on the lee 
side of the body. The cares of these vortices are alined approx- 
imately with the free stream. 
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The location of the vorticity along the length of the model 
may be traced by examining the series of surface static -pressure 
distributions around the body shown in figures 10 to 14. Because 
the angles of attach investigated were moderate, the vorticity 
remains near the body surface and the low static pressure of the 
vortex core influences the body static pressures. The low local 
static pressure at an angular position 9 of approximately 150° 
corresponds to the location of vortex cores and agrees with the 
location indicated by the pitot contours at the base of the model* 

Base pressures . - The variation with angle of attack of base- 
pressure coefficient due to angle of attack for the Mach numbers 
investigated is shown in figure 19. (The angle of attack for each 
run proceeded from 0° to 9°. ) The boundary -layer rakee were removed 
for this Investigation; however, the reliability of these data must 
still be considered In light of the sting system supporting the 
model. The observed effect of angle of attack is to decrease the 
base pressure, although this effect 1 b small for small angles (4°). 

For the purpose of comparing the magnitude of the effect of angle 
of attack with the effect that occurs an the remainder of the model, 
and as a point of general Interest, equation (9), evaluated 
at 9 » 90°, is presented with the data. (At 9 a 90° the increment 
of pressure due to angle of attack is independent of body profile.) 
There is no theoretical reason to expect agreement between the data 
and the equation. 


SUMMARY OF RESULTS 

The pressure distribution over a slender -pointed body of 
revolution was investigated in the NACA Lewis 8- by 6-foot super- 
sonic wind tunnel at free -stream Mach numbers of 1.49, 1.59, 1.78, 
and 1.98 at a Reynolds number of approximately 30,000,000 over a 
range of angles of attack. The following. results were obtained: 

1. The pressure distributions at zero angle of attack agreed 
closely with those predicted by linearized theory. 

2. The boundary -layer profiles measured at the aft end of the 
body for 0° angle of attack shewed close agreement with the l/7 -power 
law for subsonic flow. The boundary-layer thickness showed reasonable 
agreement with the values predicted by the subsonic equation, corres- 
ponding to the l/7 -power law for predicting the thickness on a flat 
plate. 
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3* The experimental pressure distribution due to angle of attack 
shoved close agreement with the Independence of Mach number predicted 
by linearized theory and with magnitude of the pressure predicted for 
the forward portion of the body, and for the entire length of the 
windward portions of the body. The pressure distributions on the 
aft-leeward portion of the body Indicated that viscosity and vortloity 
are of major importance in this region. 

4. The measured pitot pressures on the plane of the model base 
and schlieren photographs showed a pronounced shift of the boundary 
layer from, the windward to the leeward side of the body at angle of 
attack. 

5. The base -pressure coefficient was essentially independent of 
Mach number between 1.6 and 2.0 for angles of attack from 0° to 4°. 
Increasing the angle of attack reduced the base pressure. 


Lewis Hight Propulsion laboratory, 

National Advisory Committee far Aeronautics , 
Cleveland, Ohio. 


BEPJSRMCES 

1. Perkins, Edward W. : Experimental Investigation of the Effects 

qf Support Interference on the Drag of Bodies of Revolution at 
a Mach Number of 1.5. NACA EM A8B05, 1948. 

2. Jones, Robert T., and Margolis, Kenneth : Flow over a Slender 

Body of Revolution at Supersonic Velocities. NACA TN 1081, 

1945. 

3. von Hannan, Theodor, and Moore, Norton B. : Resistance of Slender 

Bodies Moving with Supersonic Velocities, with Special Reference 
to Projectiles. Trans. A.S.M.E., vol. 54, no. 23, Dec. 15, 1932, 
pp. 303—310. 

4. Tsien, Hsue-Shen: Supersonic Flow over an Inclined Body of 

Revolution. Jour. Aero. Sci., vol. 5, no. 12, Oct. 1936, 
pp. 480-483. 

• Allen, H. Julian: Pressure Distribution and Some Effects of 

Viscosity on Slender Inclined Bodies of Revolution. NACA 
TN 2044, 1950. 


5 



18 


KACA EM E5CED10 


6. ' van Erniui) Th. : On Tftmlnar and Turbulent Friction. KACA 

TM 1092, 1946. 

7. Kurnreg, H. H. : The Pressure at the Base of Bodies at Super- 

sonic Speeds. Memo. 9609. Naval Ord. Lab., March 31, 1948. 
(Pro;). Ho. N0L-Be9d-21-2. ) 

8. Katz, Ellis: Flight Investigation from High Subsonic to Super- 

sonic Speeds to Determine the Zero -lift Drag of a Transonic 
Research Vehicle Having Wings of 45° Sveepback, Aspect Ratio 4, 
Taper Ratio 0.6, and KACA 65A006 Airfoil Sections. KACA 
EM L9H30, 1949. 

9. Allen, Hi Julian: Estimation of the Forces and Moments Acting 

on Inclined Bodies of Revolution of High Fineness Ratio. KACA 
RM A9I26, 1949. 

10. Harrington, R. P. : An Attack on the Origin of Lift of an 

Elongated Body. Pub. No. 2, Daniel Guggenheim Airship Inst., 
1935, pp. 32—52. 

11. Prandtl, L. , and Tletjens, 0. G. : Applied Hydro- and Aero- 

mechanics. McGraw-Hill Book Co., J.934, pp. 6-13. 



1296 


Pltot-pressura 

tuba 

location - t 

(In. j " 

IAS 

8/BS 

i3& 

$ 

i 

1-1/4 

1-1/8 

1-5/4 


1.78"j[ 


Modal 


Pitot pr oMu rg 

L V.m A AdA* 

blWVif v«vw 


4 orlflaae 



1.684 s rad. 

1.816 s rad. (but) 


Boundary-layer 
•array nka 

Plana of arlfloa 
lo nation 


Boundary-layer Murray rake 


Loo at loo of baaa pressure orlfloea 


Longitudinal location of 
0. 048-inoh-diaaater 
•urfaoe a tatlo-p r o o sure 
nmlfinna- X f In- ^ 


3 

”1 

40 

6a 

76 

6 

% 

85* 

45 

61 

79 

9 

88 

*4 

64 

88 

18 

SI 

«v 

07 


16 

54 

BSp 

70 


IB 

87 

Mff 

__1 



Straight taper 


rja »j j 

66 71^ TsJ 


Body daflnad by equations i 

. _.fc _r„ xi 

■ - W *L° ' IbJ 

OS x£ 78.86 
- - 8 


figure 1. - Sobeaatdo diagran of holf-eoalo nodal of H1CA. HM-10 showing houndary-layer survey rake and 

looatlona of urea sura arlfloaa. 



Curvature, ln./sq In. Deviation 
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Figure 8. * Comparisons of neasured model ordinates and longitudinal curvature with their 

theoretical values at longitudinal stations. 
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(b) Mach number Mg, 1.69. 


Figure 4. - Experimental and theoretical longitudinal variation of pressure coefficient for 

model at angle of attaok of 0°. 
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station x, 73^ Inches. 
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. Experimental longitudinal variation of pressure coefficient . 
for two angles of attack. 


Figure 8. - Continued 
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Figure 8. — Cont inu ed. Experimental longitudinal variation of pressure ooefflolent 

for two angles of attack. 
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Figure 0. - Experimental and theoretical longitudinal variation of pressure 
coefficient due to angle of attack for two angles of attack and several 
ltaoh numbers. 
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(a} Angle of attaolc a, 0°. 

Figure IB. - Experimental variation of ratio of etatio to free-etream total pres— 
sure p/Pq on body surface and ratio of pitot to free-etream total pressure 
P m A 0 In f low field at rear of model. Ha oh number K q, 1.78. 
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x, 70 inches; free -stream 
pressure ratio Pn/Pn# 
0.179. 


x, 73^ Inches; free-stream 

total-pressure ratio P_ n/?n, 
0.821. 0 


(b) Angle of attaolc a, 2°. 


Figure 15. - Continued. Experimental variation of ratio of statlo to free-stream 
total pressure p/P 0 on body surface and ratio of pitot to free-stream total 
pressure Pj/Pq In flow field at rear of model. Mach number Mq, 1.78. 
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x, 70 inches; free -stream x, 73j inohes; free-strewn 

pressure ratio Pq/Pq, total-pressure ratio P_ q/Pq, 

0.179. 0.8S1. ' 


(o) Angle of attaok a, 4°. 

Figure 15. - Continued. Experimental variation of ratio of static to free-etream 
total pressure p/Pq on body surface and ratio of pitot to free-stream total 
pressure P m /P 0 in flov field at rear of model. Mach number Hq, 1.7S. 
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(d) Angle of attaolc a, 6°. 

Figure IB. - Continued. Experimental variation of ratio of static to free-etreea 
total pressure p/P 0 an body surfaoe and ratio of pitot to free-etreaa total 
pressure Pjn/Po In flow field at rear of model. If a oh number K 0 , 1.78. 
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x, 70 lnohe* : free-etream x, 73 r Inohes ; free— stream 

pressure ratio Po/ p o» total-pressure ratio P B q/Pq. 

0.179. 0.8S1. ' 


(«) Angle of attaoSc a, 9°. 

Figure IS. - Concluded. Experimental variation of ratio of static to free-atream 
total pressure p/Pq on body eurfaoe and ratio of pitot to free-etream total 
pressure Pq/Pq In flow field at rear of model. Kaoh number Hq, 1.78. 
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Figure 16. - Continued. Experimental variation of ratio of statlo to free-etream 
total pressure p/Fq on body surface and ratio of pitot to free-stream total 
pressure P m /?Q In flow field at rear of model. Angle of attack a, 6°. 
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x, 70 Inches; free -stream 
pressure ratio Pq/Pq, 

0. 132. 


x, 73y inches; free-stream 
total-pressure ratio P_ q/Pq, 
0.730. ' 
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(o) Mach number M 0 , 1.98. „ 

Figure 18. - Concluded. Experimental variation of ratio of static to free-stream 
total pressure p/Pq on body surface and ratio of pitot to free-stream total 
pressure P^/P^ " in flow field at rear of model. Angle of attaolc a, 6°. r 
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Angle of attack a, 0°, Angle of attack a, 4 °. 


Figure 17, - Experimental variation of contours of nondimensional boundary'-layer 
velocity u/Ur In flow field at station 75l for angles of attack of 0° and 4°, 
Bach number Hq, 1,78. * 






(a) Knife -edge horizontal up. 



(b) Knife-edge horizontal down. 

Figure 18. - Sohlieren photograph of forward portion of IW-10 fuselage shoving boundary- 
layer growth. Mach numb er Mg > 1.78; angle of attack a, S°s Beynolds number Be. 
31,000 ,000e 
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Figure 19. - Experimental variation of base pressure 
coefficient due to angle of attack with, angle of 
attack for Mach numbers Investigated. 
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